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ABSTRACT 
Despite the many potential sources of release of pathogenic organisms into the environment, 
agronomic practices that utilize animal manures contaminated with pathogenic or parasitic 
organisms appear to be the major contributors to watershed or basin contaminations.  High rates 
of land-applied raw manure increase the risks of surface or ground water contamination, both 
from excess nutrients and pathogenic organisms.  Unfortunately, current technologies are not 
adequate for handling large-scale treatment processes (e.g., composting, digestion, etc.) for 
stabilizing human pathogens in animal manures before application to agricultural lands.  
Therefore, there is a need for modeling capabilities to assess risks associated with individual and 
cumulative impacts of various pollutants and pollutant sources on watershed and basin 
impairment. The aim of this project is to extend Soil and Water Assessment Tool (SWAT) 
capability by incorporating a microbial sub-model for use at watershed or basin levels.  The 
model formulations have been structured to be comprehensive, flexible, and at a minimum 
contain: 1) functional relationships for both the die-off and re-growth rates that are dynamic and, 
at best, cover a range of representative values from less persistent to more persistent pathogenic 
bacterial species; and 2) optional processes that can easily be adaptable to simulate both the 
release and transport of pathogenic organisms from various sources that have distinctly different 
biological and physical characteristics.  Model performance has been tested for pasture and crop 
fields at one location.  Preliminary results appear to portray the general patterns of the fate and 
transport of bacteria, for the three field sites examined.   
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INTRODUCTION 
Similar to water pollution by excess nutrients, water pollution by microbial pathogens can also 
cause by both point and non-point sources.  Point source pollution normally results from direct 
entry of wastes into the water supply and is usually easier to identify and control, whereas, the 
non-point source is more complex because: i) the source of bacterial pollution in stream is 
normally quite difficult to identify, it can potentially originate from various sources; and ii) the 
effective treatment and control normally demand a more comprehensive solution that usually 
necessitates the consideration of many watershed or basin factors including site-specific soil 
characteristics, hydrologic parameters, and climatic conditions.  
Despite the many potential sources of release of pathogenic organisms into the environment, 
agronomic practices that utilize animal manures, contaminated with pathogenic or parasitic 
organisms, appear to be the major contributors to watershed or basin contaminations (USEPA, 
1998).  The Animal Feeding Operations (AFOs) have been cited as one of the agricultural 
activities that can adversely impact environmental and public health (USEPA, 1994).  Even 
though animal manure can be considered a beneficial fertilizer and soil amendment, high rates of 
land-applied raw manure increase the risks of surface or ground water contamination, both from 
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excess nutrients and pathogenic organisms, including Cryptosporidium, Salmonella, Escherichia 
coli 0157:H7, etc. Unfortunately, current technologies are not adequate for handling large-scale 
treatment processes (e.g., composting, digestion, etc.) for stabilizing human pathogens in animal 
manures before application to agricultural lands.  Therefore, modeling capabilities should be 
extended to account for individual and cumulative impacts of various pollutants and pollutant 
sources on watershed and basin impairment. 
 
MODELING BACKGROUND 
During the past two decades, modeling efforts have focused primarily on describing rates/extent 
of nutrients, pesticide and sediment losses from agricultural fields to surface waters.  By 
comparison, relatively little effort has been devoted to developing new models, or modifying 
existing models, to describe pathogen transport at a watershed or basin levels.  This is, in part, 
due to the added complexities associated with different animal production/manure management 
practices, diversity of pathogens and pathogen sources, detection and enumeration, population 
dynamics, etc. 
Early modeling efforts resulted in deterministic relationships which provided crude estimates of 
bacterial concentrations in runoff  (Khaleel et al., 1979; Springer et al., 1983).  Moore et al. 
(1983) proposed a “mass-balance” approach that considered both the management and many of 
the critical soil and climatic factors for modeling the influence of dairy waste management 
systems on bacterial transport in runoff.  Shortly after, Moore et al. (1988) developed an event 
based compartmental model (MWASTE) that describes bacterial movement from land-applied 
animal wastes through the various collection, storage, treatment, and land-spreading components 
of the manure management systems, and ultimately into runoff.  The model was designed to 
specifically determine the extent of bacterial contribution from an individual livestock operation 
as well as a tool for evaluating practices that potentially can reduce the bacterial losses.  
MWASTE provides, at best, rough approximations of fecal coliform concentrations due to 
simplified assumptions regarding population dynamics (Moore et al., 1989). 
Walker et al. (1990) developed a comprehensive, probabilistic based model (COLI) to evaluate 
best manure management practices (BMPs).  COLI, however, has not been adequately validated, 
due to the extensive site characterization required.  Both of these models (MWASTE and COLI) 
calculate bacteria populations resulting from one set of meteorological, hydrological, and 
physical conditions and cannot be used to characterize the temporal variability of the populations 
under the variable climate inputs, management practices and soil conditions.  More recently, 
Fraser et al. (1998) has developed and use, SEDMOD, a geographic information system (GIS)-
based model that could predict the relative spatial variability of the livestock operations with 
regard to the landscape characteristics.  The model uses a loading rate to describe the amount of 
coliform reaching streams as a function of delivery ratio (a weighted function, based on distance 
to stream and several other overland flow parameters).  The model, however, is not process-
based, assumes steady-state conditions, and considers only six variables as having an impact on 
bacteria populations.  
APPROACH 
Our approach is to develop a bacterial sub-model for use at watershed or basin levels, that it 
should be comprehensive and flexible, and at a minimum contains: i) functional relationships for 
both the die-off and re-growth rates that are dynamic and can cover a range of pathogenic 
bacterial which are less persistent to more persistent; and ii) continuous and process-based 
formulations that can allow risk evaluation of nutrients, pathogens, and sediment loadings in 
water resources, associated with various agricultural practices, simultaneously. Thus, we have 
modified the existing SWAT (Soil and Water Assessment Tool) model, by incorporating a 
comprehensive microbial fate and transport sub-model. 
  
3 
 
MODEL DESCRIPTION 
1) SWAT Component 
SWAT model has been explained in more detail, previously (Arnold et al., 1998).  In brief, 
SWAT is a watershed-scale model and has been successfully tested for nutrients and sediment 
losses from watersheds at different geographical locations.  In the hydrologic component, runoff 
is estimated separately for each subarea of the watershed and routed to obtain the total runoff for 
the watershed.  Runoff volume is estimated for daily rainfall by using the modified SCS curve 
number method, peak runoff rate is predicted by using a modified Rational formula, and 
sediment yield is estimated from the Modified Universal Soil Loss Equation (MUSLE).   
 
2) Microbial Sub-Model Component 
Fecal coliforms have customarily been used as indicators of potential pathogen contamination, 
both for monitoring and modeling purposes (Walker et al., 1990; Moore et al., 1988).  However, 
recent studies have documented that waterborne disease outbreaks caused by Cryptosporidium, 
Norwalk and hepatitis A viruses, and even salmonella have occurred despite acceptably low 
levels of indicator bacteria (Field et al., 1996). Obviously it is not feasible, or even practical, to 
routinely monitor for the many different specific pathogenic organisms, since testing protocols 
are too time-consuming, expensive, and/or insensitive to be utilized for monitoring purposes. In 
our modeling approach, we have also considered fecal coliforms as the indicator of the presence 
of pathogenic organisms contamination.  However, to account for this concern (the presence of 
more serious pathogens), we have assumed to have two species/strains of pathogens with 
distinctly different “die-off”/ ”re-growth” rates.  The rationale for selecting this two-population 
modeling approach is that when manure is applied to a field, for example, the population density 
of a more persistent bacteria such as E-coli 0157, Salmonella, and other specific pathogens, may 
initially be insignificant compared to a less persistent bacteria (i.e., fecal coliforms).  However, 
after time, because of the more rapid die-off rates of the less persistent bacterial species, the 
population density of the more persistent bacteria would most likely comprise a large portion of 
the total remaining pathogens. This way, the seriousness of pathogens in terms of human health 
impact, even in a lesser amounts in the environment, are being evaluated based on their 
population densities.   
MICROBIAL SUB-MODEL FORMULATIONS 
With consideration of the above two-population assumption, fate and transport equations have 
been formulated as follows: 
 
A) Bacterial Input with Manure Applications  
Each manure type in the fertilizer database used by SWAT contains an associated bacteria count 
for persistent and less persistent bacteria.  A partition coefficient is also specified for each 
manure type which partitions bacteria in the soluble and adsorbed phases.  When a manure 
application is scheduled, bacteria is added to the soil surface according to the equations: 
 
 bpsoli = bpsol(i - 1) + cbp * wman * (1 - bpar)   (1) 
 blpsoli = blpsol(i - 1) + cblp * wman * (1 - bpar)  (2) 
 bpsori = bpsor(i - 1) + cbp * wman * bpar   (3) 
 blpsori = blpsor(i - 1) + cblp * wman * bpar   (4) 
 
where bpsol is persistent soluble bacteria count, blpsol is less persistent soluble bacteria count, 
bpsor is persistent adsorbed bacteria count, blpsor is less persistent adsorbed bacteria count on 
day i and previous day (i-1), cbp is concentration of persistent bacteria in the manure (from the 
manure database), cblp is concentration of less persistent bacteria in the manure (from the manure 
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database), wman is the weight of manure applied, and bpar is the bacteria partition coefficient.  
Bacteria can also be added to the soil surface during grazing as specified by equations 1- 4. 
  
B) Tillage Incorporation   
When manure is mixed with the top soil by tillage operation, bacteria is incorporated from the 
soil surface layer to the second layer using the equations: 
 
 bpsol = bpsol  * (1 – emix)     (5) 
 blpsol = blpsol * (1 – emix)     (6) 
 bpsor = bpsor * (1 – emix)     (7) 
 blpsor = blpsor * (1 – emix)     (8)  
 
where emix is the mixing efficiency of the tillage operation.  Once the bacteria has been 
incorporated into the second soil layer, it is no longer available for transport by surface runoff or 
by sediment.  Also, lateral soil flow and leaching of bacteria are not simulated. 
 
C) Die-Off and Re-Growth 
Chick’s Law first order decay equation is used to determine the quantity of bacteria which are 
removed from the system through die-off and added to the system by re-growth.  The equation 
for die-off/re-growth was taken from Reddy et al. (1981) as modified by Crane and Moore 
(1986) and later by Moore et al. (1989).   
 
 bpsoli = bpsoli-1  * exp(- kw1)     (9) 
 blpsoli = blpsoli-1 * exp(- kw2)     (10) 
 bpsori = bpsori-1* exp(- ks1)     (11) 
 blpsor i= blpsori-1 * exp(- ks2)     (12) 
and  
 kw1 = kwd1 – kwg1      (13) 
 kw2 = kwd2 – kwg2      (14) 
  ks1 = ksd1 – ksg1      (15) 
 ks2 = ksd2 – ksg2      (16) 
 
where kwd1 and kwg1 are the die-off and re-growth rate constants for persistent soluble bacteria 
count and kwd2 and  kwg2 are the die-off and re-growth rate constants for less persistent soluble 
bacteria count.  Similarly, ksd1 and  ksg1 are the die-off and re-growth rate constants for persistent 
adsorbed bacteria count and ksd2 and ksg2  are the die-off and re-growth rate constants for less 
persistent adsorbed bacteria count.  Hence, kw1, kw2, and ks1, ks2 are the overall rate constants for 
persistent, less persistent soluble and adsorbed bacteria counts, respectively.  For the effect of 
temperature on die-off/re-growth rate constants, equations proposed by Mancini (1978). 
 
 kw1 = kw1(20) * theta (t – 20)     (17) 
 kw2 = kw2(20) * theta (t – 20)     (18) 
  ks1 = ks1(20) * theta (t – 20)     (19) 
 ks2 = ks2(20) * theta (t – 20)     (20) 
 
D) Bacteria in Surface Runoff and Infiltration  
Surface runoff and infiltration can transport soluble bacteria from the surface soil layer (upper 10 
mm).  Transport of bacteria from the soil surface due to runoff is determined with the equations: 
 
 bpro = bpsol * qd * bpar / (bd * dep)    (21) 
 blpro = blpsol * qd * bpar / (bd * dep)   (22) 
 
where bpro is persistent bacteria transported in surface runoff, blpro is less persistent bacteria 
transported in surface runoff, bd is soil bulk density, and dep is depth of surface soil layer (10 
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mm).  Transport of bacteria from the upper soil layer to the second soil layer is determined from 
equations 21 and 22 by replacing qd with the amount of water that infiltrates through the upper 
layer into the second layer.  Once the bacteria reaches the second layer it is no loner available for 
surface transport. 
 
E) Bacteria in Stream  
In this section of the bacterial formulations, we only considered pathogens that are being 
attached to suspended particulates and the portion that moves freely within the flowing waters, 
simultaneously.  
 
1) Bacterial Transported with Sediment 
The bacteria associated with the suspended solid is assumed to travel with the suspended solids 
and further, it is also assumed that the initial population on the solid phase is uniformly 
distributed across all the suspended solids and treated as a bacterial density on the solid phase.  
The change in bacterial density with time will then be adjusted, based on the die-off and re-
growth rates equations.  The bacteria yield transported with sediment from each runoff event is 
determined with the equation: 
 
 bpsed = bpsor * yd * er     (23) 
 blpsed = blpsor * yd * er     (24) 
 
where bpsed is persistent bacteria transported by sediment, yd is sediment yield (sediment 
transported out of the subbasin), and er is an enrichment ratio. 
 
2) Stream Transport of Bacteria  
Equations for estimating bacteria concentrations in stream flow are usually first order decay 
functions, which only take into account bacteria die-off (Bowie et al., 1985). 
 
 bpin = bpout * exp(- kst)     (25) 
 blpin = blpout * exp(- kslt)     (26) 
and  
 kst = kst(20) * thetast (tst -20)     (27) 
 
where bpin is persistent bacteria entering the stream reach, blpin is less persistent bacteria entering 
the stream reach, bpout is persistent bacteria exiting the stream reach, blpout is less persistent 
bacteria exiting the stream reach, kst and kslt are persistent and less persistent in-stream die-off 
rates, respectively, and tst is the stream water temperature, kst(20) is the in-stream die-off rate at 
20o C, and thetast is a constant temperature adjustment parameter (1.047). 
 
F) Filter Strips  
Although, there are conflicting results on the effectiveness of buffer strips and vegetative filters 
on removing bacteria (Srivastava et al., 1996; Hunt et al., 1979; Jenkins et al., 1978), the 
majority of published findings, however, support, to a various degrees, their role in removing 
pathogens from overland flow effluent systems (Coyne et al., 1995; Crane et al., 1983).  Using 
information from previous research, Moore et al. (1988) developed the following equation to 
model the effects of vegetative filter strips associated with areas where manure is applied: 
 
 Pr = 11.8 + 4.3 * S      (28) 
 
where Pr is the percent removal of bacteria (not to exceed 75%), and S is the filter strip 
width(m)/percent slope.  To be effective, Moore et al. (1988) recommended that a vegetative 
filter strip should be at least 3.0 m wide and have a slope between 0 and 15%. 
 
G) Point Sources 
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Point source contributions of pathogens can be input to the model at any point in the river 
network on a daily, average monthly, or average annual basis.  The pathogens are then 
transported in the streams along with nonpoint source contributions through the watershed 
MODEL TESTING & VALIDATION 
For the initial testing and validation of the model, data from field and watershed studies for both 
"pasture" and "crop field" conditions in Virginia (DeGuise and Mostaghimi, 2001) have been 
used.  The objective of their study was to determine “in-field” die-off rate constants for fecal 
coliforms and E Coli.  Sampling of dairy and beef manure began after application in April 2000 
and continued until November 2000.  The pasture sites were similar with similar initial bacteria 
concentrations, thus, one simulation was made to represent all three sites (Figure 1).  For the 
corn simulations (Figure 2), the model was set up with soil and management for each site as 
specified in DeGuise and Mostaghimi (2001).  Each corn site had varying initial bacteria 
concentrations when the manure was applied.  Considering the complexity of the processes 
involved, the model predictions appear to portray the general patterns of for the fate and 
transport of bacteria observed in the sites examined.  
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Figure 1.  Data used for initial testing under pasture conditions in Virginia. 
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Figure 2.  Data used for initial testing under crop field conditions in Virginia 
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Model performance testing for runoff at field and watershed scales is currently underway using a 
watershed database from Idaho and data from large field plots in Georgia (Dr. Miguel Cabrera, 
University of Georgia, Athens, GA).  Results have not been summarized to be included in this 
report.  For further "fine-tuning" of the pathogenic fate and transport functions in the model, data 
from two large-scale lysimeters (ca. 20 x 14 x 3 m), located at Beltsville, Maryland, will be used.  
This work is a collaborative effort with Dan Shelton and Jeff Karns (Animal Waste Pathogen 
Laboratory, ARS, Beltsville, MD), Ali Sadeghi and Jim Starr (Environmental Quality 
Laboratory, ARS, Beltsville, MD), Adel Shirmohammadi, Hubert Montas (University of 
Maryland), and Reza Roodsari (PhD candidate, University of Maryland).   
The lysimeters are being modified to allow examination of leaching and runoff as a function of 
soil texture, vegetation cover, and slope.  The slopes of each lysimeter are divided into two plots, 
one is planted with combination of grasses to simulate pasture conditions while the other plot is 
bare.  Plots are equipped with multisensor probes to monitor real-time water content and mini-
flumes (15 cm width) to intercept flow along the slope at different time and spacing from the line 
of manure application.  Each lysimeter has a gutter at the lower edge to collect surface runoff. To 
produce a wide range of rainfall intensities, a large-scale (cover 7m x 7m area), mobile rainfall 
simulator has been constructed. 
CONCLUSIONS 
There is currently no continuous simulation, process-based model that can provide estimates of 
nutrients, sediment, and pathogen loadings, into surface and groundwater resources, 
simultaneously, at watershed or basin levels.  A model as such is especially needed for the 
USDA’s agencies such as Natural Resources Conservation Service (NRCS) and Forest Service 
(FS) that are required by law to perform risk analysis for their major programs, such as 
Environmental Quality Incentives Program (EQIP) and Conservation Reserve Program (CRP), 
respectively.  So far, the risk analysis evaluations have been routinely conducted, primarily, on 
the nutrients and sediments with either deterministic or event-based models.  Since, nearly 50% 
of the EQIP budget has been designated, specifically, for the improvements of animal unit 
operations to reduce their environmental impacts, it is, therefore, necessary to have a modeling 
tool capability that would allow the assessment of pathogens release and loadings into water 
resources along with the nutrients and sediment evaluations.  Furthermore, such a model would 
also be a useful tool, for example, for assessing Total Maximum Daily Loads (TMDLs) of 
nutrients, sediment, and pathogens in surface water resources, both at the State and Federal 
levels. 
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